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Ultraviolet observationsThe Alice instrument on New Horizons will perform several observations of Pluto’s far-ultraviolet (FUV)
airglow emissions during its July 2015 ﬂyby. While Pluto’s atmosphere is dominated by N2, simulations
suggest that the brightest airglow signal at Pluto will actually be due to Lyman alpha (Lya) emissions of
atomic hydrogen. This is because H atoms, produced at lower altitudes due to the photolysis of CH4 and
other hydrocarbons, rise up above the homopause to become an important constituent of the atmosphere
at high altitudes, and are able to scatter the very bright Lya lines from the Sun and the interplanetary
medium (IPM). The IPM Lya signal at Earth is very much less than direct solar Lya, but IPM Lya falls
off much more slowly than r2, so that at Pluto’s distance from the Sun the two sources are of comparable
strength. Detailed simulations of its Lya emissions indicate that Pluto will appear dark against the IPM
background, but that enough contrast exists for the useful extraction of H densities from the Alice obser-
vations. As viewed on approach (or from the inner solar system), the Lya brightness of the disk of Pluto is
expected to be 30 R, against an IPM background of 90 R.
 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Owing to the combination of its tenuous atmosphere and large
heliocentric distance, Pluto’s ultraviolet airglow line emissions are
generally expected to be very weak, and likely to be in the sub-
Rayleigh range (e.g., Stevens et al., 2013), with the notable excep-
tion of HI Lya. There are two main sources of Lya excitation at
Pluto: (1) solar and (2) interplanetary (IPM) Lya; both are reso-
nantly scattered by ambient H atoms in Pluto’s atmosphere, above
the level where absorption by methane becomes important
(z  360 km). Since these 100 K H atoms can only scatter a small
fraction of the wide (0.1 nm) solar Lya line, most of the solar pho-
tons are absorbed by Pluto’s CH4, so the geometric albedo of Pluto
at Lya is only I=F  1:6% (i.e., Pluto will generally look dark against
the IPM background). The solar source currently accounts for 70%
of the total Lya power incident on Pluto (64 MW); the all-sky IPM
source accounts for the remaining 30%. The IPM source becomes
relatively more important in the outer solar system because it falls
off much more slowly with heliocentric distance than does the
solar source (Broadfoot et al., 1989). The trajectory of New Hori-
zons from launch (19 January 2006) until Pluto ﬂyby (14 July2015) is shown projected on the ecliptic plane in Fig. 1. This ﬁgure
also indicates the direction of ﬂow of interstellar H atoms through
the solar system, which gives rise to the IPM all-sky Lya back-
ground. At the time of the Pluto ﬂyby, the IPM upstream direction
is 32.2 from the anti-Sun direction. Here we provide simulations
of observations to be obtained by the Alice ultraviolet spectrograph
on the New Horizons spacecraft, which indicate that the data will
provide useful constraints on the vertical structure and aeronomy
of Pluto’s upper atmosphere.2. Pluto’s atmosphere
We use the M2 model atmosphere of Krasnopolsky and
Cruikshank (1999) for the simulations presented here. Although
more recent models (e.g., Tucker et al., 2012; Zhu et al., 2014) indi-
cate that the upper atmosphere of Pluto is somewhat more
extended and static than the earlier hydrodynamic escape models
upon which the M2 model is based, Krasnopolsky and Cruikshank
(1999) remains the most comprehensive photochemical model
available for Pluto, with reasonably current abundances for CH4
and CO. The more recent models are for the basic structure only,
and lack the photochemistry needed to estimate the atomic hydro-
gen abundance proﬁle. The temperature and number density pro-
ﬁles provided by Krasnopolsky and Cruikshank (1999) span an
Fig. 1. The trajectory of the New Horizons spacecraft from launch to Pluto ﬂyby is
shown, along with the direction of ﬂow of interstellar H atoms through the IPM.
Fig. 2. Pluto model atmosphere (M2) from Krasnopolsky and Cruikshank (1999),
with temperature and the abundances of N2, CH4, CO, and H plotted as a function of
pressure and altitude. The upper horizontal dashed line indicates the pressure/
altitude at which Lya becomes optically thick at line center to resonance scattering
by H atoms in Pluto’s atmosphere. The lower horizontal dashed line indicates the
pressure/altitude at which Lya becomes optically thick to absorption by CH4 in
Pluto’s atmosphere.
Fig. 3. Solar Lya line proﬁle expected at Pluto in July 2015. The black line shows a
SOHO/SUMER solar line proﬁle (cf., Lemaire et al., 2005). The red line shows a model
ﬁt to the SUMER proﬁle using equal and offset Gaussian and Lorentzian functions
(see text). The blue line shows this same model ﬁt after transmission through the
interplanetary medium (IPM) out to Pluto’s distance (32.91 AU) at the epoch of the
ﬂyby of New Horizons (July 14, 2015; 11:50 UT), with estimated extinction (see
text). The green line shows the model solar Lya line proﬁle at the s ¼ 1 level for
absorption by methane in Pluto’s atmosphere. All Doppler shifts are properly
accounted for, including Pluto’s 1:06 km=s recession from the Sun.
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cated in this ﬁgure are the levels in the atmosphere at which unit
opacity is reached for Lya photons, through scattering at line
center by H atoms (z  1820 km) and absorption by CH4 molecules
(z  370 km). At 100 K, the line-center cross section for resonant
scattering of Lya photons by H atoms is 5:9 1013 cm2, while
the cross section for continuum absorption of Lya photons by
CH4 molecules is 1:9 1017 cm2. Resonant scattering of Lya is
important in the 1450-km region between these two levels. Other
models would likely predict somewhat different altitudes for the
levels where the line-center scattering and methane absorption
optical depths are unity, and these parameters are what control
the major features in the Lya emissions at Pluto. As long as both
these levels exist in the atmosphere (and with the line-center scat-
tering optical depth greater than unity at the level where the meth-
ane optical depth is unity), then the observed brightnesses should
be comparable to those predicted here, with only minor variations
in structure.3. Solar Lya source
The proﬁle used for the solar Lya line is based on a model ﬁt to a
SOHO/SUMER full disk spectrum obtained by Lemaire et al. (2005).
The model ﬁt is provided by summing two equal and offset Gaus-
sians with two equal and offset Lorentzians, viz.,
pFðkÞ ¼ pFtotal
4
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where pFtotal ¼ 4:0 1011 photons=cm2=s is the integrated full-disk
ﬂux at 1 AU (estimated from extrapolation to 14 July 2015 of the
full-disk solar Lya ﬂux series available at LASP, http://lasp.
colorado.edu/lisird/lya/), kdis ¼ 0:0216 nm, koff ¼ 0:0220 nm, and
k0 ¼ 121:567 nm. Models of solar variability suggest a range of
pFtotal from 3:8 1011 to 4:6 1011 photons=cm2=s for the inte-
grated full-disk ﬂux at 1 AU at the epoch of the New Horizons ﬂyby
(see, e.g., the MSFC site at http://solarscience.msfc.nasa.gov/
predict.shtml), although the current solar cycle is highly unusual.
Pluto’s distance from the Sun during the New Horizons ﬂyby
(11:50 UT on 14 July 2015) is 32.91 AU, so the full-disk solar Lya
ﬂux at Pluto is expected to be 3:69 108 photons=cm2=s. The
SOHO/SUMER Lya proﬁle and the model ﬁt are shown in Fig. 3.
The actual solar Lya proﬁle will, of course, be somewhat different
than the proﬁle used here. The effect on the line proﬁle of extinction
by interplanetary hydrogen between Pluto and the Sun is accounted
for using the models of Wu and Judge (1979a,b) and Hall (1992),
which both predict a Sun–Pluto peak opacity of 2.7. Since Pluto is
nearly upwind, the effect of the IPM opacity on the solar ﬂux of
Lya scatterable by Pluto is minor. Likewise, the effect of the Doppler
shift due to Pluto’s radial velocity of 1:06 km=s away from the Sun is
also minor. Also, because the atmosphere of Pluto is so cold
Fig. 4. Model all-sky brightness of interplanetary Lya emission estimated at the location of Pluto and the epoch of the New Horizons ﬂyby, displayed in ecliptic coordinates.
The brightness peaks in the direction of the Sun. The dayside average IPM brightness is 195 R, 2 the nightside average IPM brightness of 95 R.
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upper atmosphere is very narrow. The resulting solar proﬁles after
IPM extinction (i.e., at the top of Pluto’s atmosphere) and after IPM
and Pluto H atom extinction (i.e., at the atmosphere level where
absorption by methane becomes important) are provided in Fig. 3.4. IPM Lya source
The interplanetary medium (IPM) source of diffuse Lya
emission results from resonant scattering of solar Lya photons by
interstellar H atoms passing through the solar system. The adopted
properties of the IPM H atoms are n ¼ 0:12 cm3; T ¼ 12; 000 K,
and v ¼ 22 km=s, with the upstream direction at k ¼ 252:5 and
b ¼ 8:9 in ecliptic coordinates (Izmodenov, 2009; Lallement
et al., 2010).
An estimate of the IPM Lya sky brightness during the New Hori-
zons Pluto ﬂyby was made using the IPM code described by Pryor
et al. (2008, 2013) (with a correction for multiple scattering,
according to Hall (1992)) and is shown in Fig. 4. The Pryor et al.
(2013) IPM model can accommodate a solar wind which varies
with latitude, however, at Pluto this was found to make <1% differ-
ence in the predicted brightness. The Pryor IPM model reproduces
relative patterns across the sky in the inner heliosphere, and day-
to-day variations at the 10–20% level. However, absolute Lya cali-
brations remain poorly determined, with individual instrumentsFig. 5. Model line-of-sight velocity of interplanetary Lya emission estimated at the l
coordinates.often differing by factors of two in reported brightness of the same
region. The relative variations in the outer heliosphere likely need
signiﬁcant corrections, but the model prediction of a strong bright-
ness peak near the Sun (i.e., downwind from New Horizons) is
likely correct. The correction for multiple scattering acts to reduce
the brightness predicted by the optically thin Pryor IPM model at
Pluto’s distance from the Sun, by a factor ranging from 20% in
the upstream direction to 50% in the downstream direction.
The expected IPM Lya brightness at Pluto in July 2015 is 145 R
averaged over the sky, but gets many times brighter than this near
the Sun, reaching a maximum of 750 R. The average IPM Lya
brightness over the sunward hemisphere is 195 R, while the
average over the anti-sunward hemisphere is 95 R (with a mini-
mum of 80 R). For some science goals it is important to measure
the IPM signal (e.g., IPM Lya is an important source of photochem-
istry on Pluto, especially on the nightside (Yung and DeMore,
1999)).
A companion all-sky map of the average line-of-sight (LOS)
velocity is shown in Fig. 5. The LOS velocity varies from
22 km=s in the upstream direction to þ22 km=s in the down-
stream direction, and the Doppler shift associated with this veloc-
ity has a considerable affect on the population of H atoms in Pluto’s
upper atmosphere which are able to scatter the IPM emisisons.
This is indicated in the large separation of the green (cold Pluto
H atoms) and blue (sunward-viewing IPM) line proﬁles of Fig. 3.
The result is that the upper atmosphere of Pluto is better able toocation of Pluto and the epoch of the New Horizons ﬂyby, displayed in ecliptic
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lar to the upstream and downstream directions.
To accurately calculate the IPM emissions scattered by Pluto’s
atmosphere is a difﬁcult radiative transfer problem, since it
involves variable full-sky illumination, with each part of the sky
at a different Doppler shift, and each point on Pluto seeing a differ-
ent sky. Instead, we estimate the scattered IPM brightness in the
following way: we take the IPM model brightness (Fig. 4), and con-
vert it to brightness per unit wavelength, assuming a Gaussian line
with a line-width given by the average line-of-sight temperature
(12,000 K) and average line-of-sight Doppler shift for each posi-
tion on the sky (Fig. 5), and then sum the component of this which
is within1:5 Doppler units of the Lya line that would be scattered
by the H atoms in Plutos atmosphere (basically, within the green
core in Fig. 3). This brightness, which we call the IPM Ly brightness
scatterable by Pluto, is shown in Fig. 6. It is brightest in a band per-
pendicular to the upstream/downstream axis (where the Doppler
shift is low), and brightest on that band where it is closest to the
direction of the Sun (where the IPM Lya is brightest). To estimate
what Pluto would look like after scattering this component, we
average this all-sky map over 2p steradians centered on each point
(representing the full-sky illumination at each point on Pluto). This
smoothed map is shown in Fig. 7. Since the smoothed values areFig. 6. Component of the model all-sky brightness of interplanetary Lya emission (as sho
peaks at 32 R in a direction perpendicular to the IPM ﬂow (where the IPM Lya has near
Fig. 7. Component of the model Pluto-scatterable all-sky brightness of interplanetary Lya
This is simply estimated as the average over 2p steradians, centered on each sky directio
brightness of scattered IPM Lya that would be seen looking at any point on Pluto with
scattered IPM Lya brightnesses are 14.5 R, 8.8 R, and 11.5 R, respectively.11:5 3:0 R, in our simulations we add a uniform disk brightness
of 11.5 R to the IPM source.
To check whether this type of estimate is reasonable, we com-
pared the value calculated in a similar way for the solar ﬂux (i.e.,
adding the solar line component within ±1.5 Pluto H atom Doppler
units of line center); the result was within 1% of the I/F value
obtained using our resonance line radiative transfer code.5. Alice UVS observations
The New Horizons spacecraft carries an imaging ultraviolet
spectrograph (UVS), known as Alice, which will make many
observations of airglow emissions, plus solar and stellar occulta-
tions at Pluto (Stern et al., 2008). Cruise observations of Lya IPM
emissions have been made by Alice (Gladstone et al., 2013), and
more are planned. The IPM Lya background is bright compared
to the expected Lya airglow signal from Pluto, and it covers the
entire sky, so that it will often ﬁll the Alice ﬁeld of view (FOV) with
emission. In order to estimate the response of Alice to IPM Lya, we
need to know the effective area at more than just 121.6 nm. The
reason for this is that off-axis Lya emissions fall on the detector
at a different location than on-axis emissions, with the differencewn in Fig. 4) which is scatterable by H atoms in Pluto’s atmosphere. The brightness
-zero Doppler shift), which is closest to the direction of the Sun.
emission (as shown in Fig. 6) which is scattered by H atoms in Pluto’s atmosphere.
n, of the brightnesses in Fig. 6. So the brightnesses presented here are an estimate of
a zenith in the given sky direction. The maximum, minimum, and average Pluto-
Fig. 8. Measured effective area of the Alice spectrograph as a function of
wavelength. The averages over the 0:1  4 slot and the 2  2 box apertures
are each indicated.
Fig. 9. Simulated Lya brightnesses during the P_Color_2 Pluto airglow observation
planned for the Alice imaging spectrograph during the New Horizons ﬂyby, at about
40 min before closest approach. Model brightnesses are shown for the resonantly
scattered solar Lya emissions (upper left), the IPM Lya emissions (upper right;
corrected for transmission through Pluto’s atmosphere), and the sum of these
sources (lower left). The expected count image for a 60-s observation is also shown
(lower right), including counting noise. The Alice slit (6 long) and a Pluto graticule
are overlaid in black.
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cathode at short wavelengths and a CsI photocathode at long
wavelengths, with a gap from 117:86—125:19 nm, to reduce the
generally high Lya count rate to be more comparable with other
emissions in the Alice bandpass. While IPM Lya emissions ﬁlling
the 0:1  4 slit ‘‘slot’’ fall entirely within the low-sensitivity
gap, Lya emissions ﬁlling the 2  2 ‘‘box’’ fall partially on the
KBr and CsI photocathode regions on either side of the Lya gap.
For the Alice box, the appropriate effective area for diffuse Lya
emissions is obtained by averaging the effective area over
121:6 9:1 nm. For the Alice slot, a similar procedure is used,
but only over 121:6 0:46 nm, since the slot width is 20
narrower than the box.
Fig. 8 shows the current best estimate of the Alice effective
area (Stern et al., 2008; Gladstone et al., 2013). The effective area
for IPM Lya in the box is 0.056 cm2, while in the slot it is
0.007 cm2. The sensitivity of the whole Alice detector to IPM
Lya is given by
SIPM ¼ 10
6
4p
AEFFðboxÞxðboxÞ þ AEFFðslotÞxðslotÞ½ 
¼ 10
6
4p
0:056ðp=180Þ2ð2:0Þð2:0Þ þ 0:007ðp=180Þ2ð0:1Þð4:0Þ
h i
¼ 5:43þ 0:07
¼ 5:5 counts=s=R
In this equation, xðboxÞ represents the solid angle on the sky of
the Alice box, and xðslotÞ represents the solid angle on the sky of
the Alice slot. Since the average Lya sky background at Pluto is
expected to be 145 R, the typical Alice count rate due to diffuse,
FOV-ﬁlling IPM Lya emissions is expected to be 800 count/s.
There are currently 13 distinct Alice observations planned dur-
ing the near-encounter phase (NEP) of the Pluto ﬂyby, as listed inTable 1
Alice near-Pluto airglow observations on July 14, 2015.
Observation Start time (UT) Duration (s
PC_Airglow_Appr_3 03:11:26 3000
PC_Airglow_Appr_4 05:03:01 2700
P_LORRI 08:13:13 980
P_LEISA_Alice_1a 08:42:34 668
P_LEISA_Alice_1b 08:56:15 699
P_LEISA_Alice_2a 09:27:10 746
P_LEISA_Alice_2b 09:41:45 1800
P_LEISA_HiRes 10:47:05 1044
P_Color_2 11:08:26 226
P_Alice_Airglow_Held_1 11:27:11 180
P_Alice_Airglow_Held_2 11:42:31 65
P_Alice_StarOcc1 15:53:01 9000
P_LORRI_Alice_Dep_1 21:11:01 1500
a H = histogram observation, P = pixel-list (i.e., time-tagged) observation.Table 1. Several of these are short (100 s) ‘‘ridealongs’’ near clos-
est approach on observations where another instrument (e.g.,
LEISA or LORRI) is prime, while others are much longer integra-
tions. The Alice instrument has two modes of acquiring data;
‘‘pixel-list’’, where a list of photon events is interspersed with tim-
ing information to provide time-tagged data, and ‘‘histogram’’,
where photons are accumulated in a spatial–spectral image for a
given exposure time (Stern et al., 2008).6. Brightness estimates
Using a resonance line radiative transfer code (Gladstone,
1988), we have simulated several of the airglow observations
planned for Alice at Pluto (as listed in Table 1). Figs. 9–11 shows
the expected Lya brightness for the P_Color_2, P_Alice_
Airglow_Held_1, and P_Alice_StarOcc1 observations (note the
logarithmic brightness scale). In these simulations, the Alice FOV
is shown as if the observation were centered on Pluto, although
this will generally not be the case. For each simulation, the contri-) Typea Range (km) Phase ()
H 428,888 16.9
H 336,690 17.4
H 179,693 19.4
P 155,512 20.1
P 144,249 20.5
P 118,832 21.7
P 106,867 22.4
H 53,754 29.8
P 36,963 36.8
H 23,286 51.1
H 15,016 80.9
P 201,344 168.8
H 463,847 166.6
Fig. 10. Simulated Lya brightnesses during the P_Alice_Airglow_Held_1 Pluto
airglow observation planned for the Alice imaging spectrograph during the New
Horizons ﬂyby, at about 20 min before closest approach. Model brightnesses are
shown for the resonantly scattered solar Lya emissions (upper left), the IPM Lya
emissions (upper right; corrected for transmission through Pluto’s atmosphere),
and the sum of these sources (lower left). The expected count image for a 60-s
observation is also shown (lower right), including counting noise. The Alice slit (6
long) and a Pluto graticule are overlaid in black.
Fig. 11. Simulated Lya brightnesses during the P_Alice_StarOcc1 Pluto airglow
observation planned for the Alice imaging spectrograph during the New Horizons
ﬂyby, at 250 min after closest approach (when Pluto is near the Sun as viewed from
New Horizons). Model brightnesses are shown for the resonantly scattered solar
Lya emissions (upper left), the IPM Lya emissions (upper right; corrected for
transmission through Pluto’s atmosphere), and the sum of these sources (lower
left). The expected count image for a 60-s observation is also shown (lower right),
including counting noise. The Alice slit (6 long) and a Pluto graticule are overlaid in
black.
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Pluto’s upper atmosphere, (2) model background IPM emissions
(after accounting for their extinction by Pluto’s atmosphere) and
an estimate of the IPM emissions scattered from Pluto, (3) the
sum of these (i.e., the expected total Lya emission), and (4) the
expected counts (per 0:3  0:3 pixel) that would be observed by
Alice in a 60-s observation (including Poisson noise). The signal-
to-noise ratio (SNR) of the Lya observations at Pluto will varyconsiderably, depending on the background IPM brightness, but
is approximately the square root of the count images shown in
Figs. 9–11, and is generally greater than 5 per pixel (note that
most observations are much longer than 60 s). It is interesting that,
even on approach, when the IPM background brightness is rela-
tively low, Pluto is darker than the background. Nevertheless, the
structure in the brightness distribution will allow the extraction
of the H atom density proﬁle in Pluto’s atmosphere, even in cases
of low contrast.
7. Summary
The Alice ultraviolet spectrograph on New Horizons will obtain
many useful observations of Pluto’s Lya airglow emissions. These
emissions are expected to result from a combination of resonantly
scattered solar and IPM Lya photons, in addition to the transmitted
IPM background. By accounting for each of the sources and using
sophisticated radiative transfer codes, we expect to extract H
(and CH4) density proﬁles in Pluto’s upper atmosphere. These
results will be important for understanding the extent of Pluto’s
atmosphere and may constrain the high-altitude temperature pro-
ﬁle and atmospheric escape rate.
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